In this study, we have isolated an endophytic fungal strain Lasiodiplodia theobromae from non-Taxus host plant Piper nigrum. The strain L. theobromae identity was confirmed by morphological characteristics and internal transcribed spacer sequence analysis. Taxol produced by L. theobromae was observed to be identical to the authentic taxol as analyzed by chromatography and spectroscopy methods. The quantity of taxol produced by the fungus was estimated to be 247 μg L −1 , and fungal taxol showed potent cytotoxic activity towards cancer cell line. Evidence to support the independent production of taxol by L. theobromea, the gene encoding 10-deacetylbacccation-III-O-acetyltransferase (DBAT), as well as, for the first time, open reading frame (ORF) of WRKY1 transcription factor (TF) were cloned and sequenced. The predicted amino sequence of L. theobromae dbat gene shared high homology with the taxol-producing plant and fungal dbat gene. Not only dbat gene, ORF of WRKY1 TF too shared high homology with Taxus chinensis WRKY1 TF ORF. To the best of our knowledge, this is the first report on cloning of dbat gene and its transcription factor from endophytes of non-Taxus host plant.
INTRODUCTION
Taxol (paclitaxel), originally indentified from the inner bark of Taxus brevifolia (Wani et al. 1971) , is an Food and Drug Administration (FDA), USA approved anticancer drug used for the treatment of various kinds of cancer, particularly ovarian cancer, breast cancer and Kaposi's sarcoma (Kusari, Satpal and Jayabaskaran 2014) . Increase in number of cancer patients every year is leading to higher demand of taxol, which can barely be met by the extremely low amounts of taxol produced by Taxus species (Wang et al. 2000) , leading to a crisis of taxol. Therefore, to meet the demand of taxol, alternative sources are continuously being searched, and have been reported from multiple sources like through chemical synthesis, semi-synthesis and plant cell suspension methods. However, these sources have their own limitations, forcing to search for other sustainable alternative sources.
The first report of an endophytic fungus Taxomyces andreanae, having the potential to produce taxol (Stierle, Stroble and Stierle 1993) , has changed the avenue of research in this field. Further, for the first time, endophytic fungus Pestalotiopsis microspora, exihibiting the capacity to produce taxol, was isolated from non-Taxus plant (Li et al. 1996) . Twenty-five Taxus endophytic fungi and 24 non-Taxus endophytic fungi-producing taxol have been reported, and the chemical structures have been analyzed spectroscopically (Gond, Kharwar and White 2014) . Taxol-producing strain Lasiodiplodia theobromae has been isolated from both Taxus and non-Taxus host plants (Raja, Kamalraj and Muthumary 2008; Pandi, Manikandan and Muthumary 2010) . Biosynthetic pathway of taxol in Taxus species involves approximately 19 enzymatic steps, catalyzed by key enzymes such as taxadiene synthase, 10-deacetylbaccatin III-10β-O-acetyltransferase (DBAT), baccatin III 13-O-(3-amino-3-phenylpropanoyl) transferase (BAPT) and more others have been cloned from Taxus species and their functions studied (Croteau et al. 2006) . DBAT transferase is one of the key enzyme in taxol biosynthesis pathway that catalyzes the conversion of 10-deactylbaccatin III into baccatin III (Walker and Croteau 2000) . This gene has been cloned from endophytic fungi isolated from Taxus species plant (Zhang, Zhou and Yu 2009a,b) . The regulation of taxol biosynthetic pathway gene at the transcriptional level is poorly understood. Li et al. (2013) suggest that WRKY1 TF is involved in the regulation of dbat gene in the taxol biosynthetic pathway; they demonstrated that overexpression of WRKY1 TF increased the expression of the dbat gene while RNA interference reduced the level of transcript of dbat. This concludes that TcWRKY1 is a transcriptional activator of dbat gene expression in T. chinensis suspension cells. Till date, there are no reports on taxol biosynthetic genes and/or transcription factors from non-Taxus plants associated endophytic fungi.
The objective of this study is to identify the taxol-producing endophytic fungus (strain SKJM1101), provide confirmation of taxol production by strain SKJM1101 and clone the 10-deacetylbaccatin III-10-O-acetyl transferase (DBAT) gene as well as WRKY1 transcription factor from strain SKJM1101, isolated from P. nigrum.
MATERIALS AND METHODS

Isolation of endophytic fungal strain SKJM1101
The SKJM1101 strain was isolated from medicinally important plant P. nigrum collected from Coonoor, Nilgiri district of Tamil Nadu, India, following the protocol of Kamalraj, Ramesh and Muthumary (2016) with minor modifications. Healthy leaves were collected and washed thoroughly with sterile double distilled water. After wash, plant sample of size 0.5 cm was washed with 70% ethanol for 40 s and transferred to 4% sodium hypochlorite for 90 s. Samples were again thoroughly washed with sterile double distilled water and dried with sterile blotting paper to remove moisture, and placed on potato dextrose agar (PDA) plates. The plates were incubated for a week and fungal growth was observed. Single hyphal tips of the different fungi were transferred from the agar plates to fresh PDA plates to obtain pure fungal culture. The fungal isolates were labeled and stored on the PDA slant at 4
• C until further experimental use.
Morphological and molecular identification of SKJM1101 strain
The SKJM1101 strain was grown on sabouraud dextrose agar (SDA) for morphological study. The colony color (surface and reverse) was evaluated based on the mycological color chart (Rayner 1970) . Morphology of the fungus was also examined microscopically by micro slide preparation methods (Muthumary 2012) . For this, a pure plug of inoculum was placed onto an SDA medium for 25 days. After incubation, the fungal mycelium and conidia were observed with a light stereomicroscope (Carl Zeiss., USA). Conidia and conidiogenesis cells were characterized with a light microscope (Carl Zeiss., USA) at 10× and 40×. The fungal strain SKJM1101 was grown in potato dextrose broth (PDB) medium for 1 week and genomic DNA was isolated from the mycelium by CTAB methods (Möller et al. 1992) . The genomic DNA was used as a template for polymerase chain reaction (PCR) for amplification of the internal transcribed spacer (ITS). The universal primers ITS1 and ITS4 were used for amplification of ITS region, the PCR programme was adapted (White et al. 1990) . Expected size PCR products were subjected for gel elution using GenElute Gel extraction kit (Sigma Aldrich, India). Direct sequencing of PCR product was performed using ITS1 and ITS4 primers at DNA Sequencing Facility, NCBS, Bangalore, India. Sequence similarity search was performed using Genbank BLASTN (Altschul et al. 1997) .
Fungal growth and taxol extraction
The fungal strain SKJM1101 was grown on MID medium (supplemented with 1 gm soytone L −1 ) agar plates at 25
• C for 7 days . Six pieces of 5 mm mycelia agar plugs were inoculated in 500 mL of MID broth and incubated at 25
• C for 21 days. After 3 weeks, the entire culture was harvested by passing through two layers of cheese cloth separating mycelia mat and culture filtrate. The culture filtrate was extracted with double volumes of dichloromethane solvent. The culture filtrate organic extracts were concentrated by vacuum rotary evaporator at 40
• C and residue was collected. Further, the residue was purified by preparative thin layer chromatography by using solvent system chloroform:methanol (7:1, v/v) and correspondent band to authentic taxol (Sigma Aldrich, India) was scrapped and dissolved in high-performance liquid chromatography (HPLC) grade methanol Wang et al. 2000) . The purified fungal taxol was used for further experiments.
HPLC analysis
The fungal extract was analyzed by HPLC (Agilent compact 1120 liquid chromatography) using a Kromasil C 18 column (250 × 4.6 mm) with an isocratic mobile phase consisting of acetonitrile:water (70:30, v/v) at a flow rate of 1 mL min −1 , 20 μL of each sample was injected and eluent was monitored at 232 nm. The identification and quantification of fungal taxol from extract was accomplished by comparison of retention times (Rt) and their absorption area with authentic taxol.
Mass spectroscopic analysis
The purified fungal taxol was subjected to mass spectroscopy analysis (Applied Thermo ICQ Deca XP Max LC/MS analyzer). The determination mode was in scan mode, the ion-dipole was negative ion, the ionization mode was Atmospheric Pressure Chemical Ionization Mass Spectrometer (APCI-MS), the nebulizer gas Helium was at a flow rate of 1 mL min −1 , the capillary temperature was 275
• C and the capillary voltage was 16 V.
The data acquired over an m/z range of 200-1000 in negative ion mode and analyzed using the Xcalibur analysis software. The MS/MS fragmented ions peaks of fungal taxol were compared with authentic taxol.
Cytotoxicity study of fungal taxol
Fungal taxol cytotoxic activity was tested using colorimetric based MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay against HeLa cancer cells, as earlier reported (Mosmann 1983 
Cloning of the dbat gene from strain SKJM1101
Nested PCR was performed to amplify the dbat gene from taxolproducing strain SKJM1101. Two set of primers were designed based on amino acid and nucleotide sequence of T. cuspidata (Genbank accession no. AF193765). First set was a degenerate primer, forward (dbat-F 5 -CTCGAGCTGTTYGTNGARGCNATG-3 ) and reverse (dbat-R-5 -CCATGGGTYTCCATYTCRAAYTTRAA-3 ), and next set was a gene-specific primer, forward (dbat-F-5 -GCACCAGCTGAGCTTGATCTGAG-3 ) and reverse (dbat-R-5 -TCAAAAGTACATTACTTCAACCACAA-3 ). In 25 μL of PCR reaction mixture containing 100 ng DNA as template, 0.2 mM dNTPs, 0.2 μM degenerate primers, 0.5 U Phusion R high-fidelity DNA polymerase (New England Biolabs, USA) and 1× Phusion R buffer were added. Standardized PCR conditions for first round PCR included initial denaturation at 94
• C for 3 min, cyclic denaturation at 94
• C for 30 s, annealing at 55
• C for 40 s, extension at 72
• C for 1 min; 35 cycles were performed, and final extension carried out at 72
• C for 10 min. For second round PCR, 10 times diluted external PCR product was used as template, genespecific primers were used and annealing temperature was set to 56
• C, keeping rest of the PCR conditions same as first round PCR. Expected size of PCR products were analyzed, purified using GenElute Gel extraction kit (Sigma-Aldrich, India) and cloned in pJET1.2 PCR cloning vector according to manufacturer protocol (Thermo Scientific, USA). The sequencing of the dbat gene clone was performed, and the obtained sequence was subjected to BLAST analysis (http://www.ncbi.nlm.nih.gov/BLAST).
Cloning of the WRKY1 transcription factor from strain SKJM1101
Based on nucleotide sequence information of the T. chinensis WRKY1 (Genbank accession no. JQ250831), a set of genespecific primer was designed. To amplify WRKY1 TF in 25 μL of PCR reaction mixture containing 100 ng of DNA, 200 nM forward (WRKY1-F-5 -ATGTTCATGATAAACCTC-3 ) and 200 nM reverse (WRKY1-R-5 -TTATGAATCTTGAGTCAG-3 ) primers, 500 μM dNTPs, 0.5 U Phusion R high-fidelity DNA polymerase and 1× Phusion R buffer were added. Thermal cyclic condition: initial denaturation at 98
• C for 1 min, cyclic denaturation 98
• C for 15 s, annealing temperature 56
• C for 40 s, extension 72
• C for 1 min, number of cycle 35 times, and final extension at 72 • C for 10 min. Expected size of PCR products were analyzed, purified, cloned into pJET1.2 PCR cloning vector and sequenced. Obtained sequence was further subjected to BLAST analysis (http://www.ncbi.nlm.nih.gov/BLAST).
RESULTS AND DISCUSSION
Identification of strain SKJM1101
Initially, mycelia were observed to be white to off-white, floccose with irregular margins and later on turned into green-black in color on agar plates; they were septate, with branched well architecture with thin fuzzy mycelia (Fig. 1A) ; conidia hyaline at young, 1-septate, dark brown, thick-walled, ellipsoid with longitudinal striations from apex to base 18−25 × 12−14.3 μm in size (Fig. 1B) . The morphological characteristics were identical to those of L. theobromae (Muthumary 2012) . The ITS sequence 1005 bp obtained from sequencing was subjected to BLAST analysis, which showed 99% similarity to that from strain L. theobromae. The sequence data obtained in the present study was deposited in the NCBI database with Genbank accession no. KF814723. Strain SKJM1101 was identified as L. theobromae based on the morphological and molecular characteristics.
Taxol from L. theobromae SKJM1101
Presence of taxol in fungal culture broth extract was detected by HPLC and mass spectroscopy. Retention time for fungal taxol was 7.96 min similar to authentic taxol retention time of 7.93 min, indicating the strong possibility of taxol production by L. theobromea (Fig. 2) . Further, mass spectroscopy analysis was performed. The MS spectra of fungal taxol showed the major ion at m/z 888, similar to authentic taxol (Fig. 3) and its MS/MS fragmented peak ions were 403, 483, 525, 670, 730 and 792 for fungal taxol, which is similar to authentic taxol (Fig. 4) .The taxol production from non-Taxus plant-associated endophytic fungi has been reported in literature. Least amount of taxol production has been reported from P. microspora (1.487 μg L −1 ), while the highest yield (795 μg L −1 ) was reportedly obtained from Phoma betae (Gond, Kharwar and White 2014) . However, in this study L. theobromea produced 247 μg L −1 taxol in culture filtrate of MID broth.
Both HPLC and mass spectroscopic results indicated the presence of taxol in L. theobromae SKJM1101 culture broth extract.
Evaluation of fungal taxol cytotoxicity
Fungal taxol cytotoxicity was studied on HeLa cells. MTT assay shows that fungal taxol inhibits the proliferation of HeLa cells similar to authentic taxol, with IC 50 values 0.0126 and 0.0106 μM, respectively (Fig. 5) . Changes in nuclear morphology of HeLa cells were examined by an AO/PI dual nuclear staining on treatment with IC 50 concentration of fungal taxol, authentic taxol for 24 h. Fluorescence microscopic images of control cells that appear in green color were treated; HeLa cells were red-orange in color along with chromatin condensation and nuclear shrinkage (Fig. 6 ). Earlier studies have showed that fungal taxol inhibited cell proliferation, blocked the mitosis cell division and considerably changed the nuclear morphology (Wang et al. 2000; Chakravarthi et al. 2013) . Our study also strongly indicates that fungal taxol is antiproliferative towards HeLa cells and exhibited the change in nuclear morphology, similar to previous studies.
The dbat gene from L. theobromae
The dbat gene encodes for the DBAT enzyme in taxol biosynthesis pathway and the function of DBAT enzyme is to catalyze the conversion of 10-deacetylbacatin III into baccatin III (Walker and Croteau 2000) . The dbat gene was isolated from L. theobromae SKJM1101 using nested PCR, where first round PCR was performed with degenerate primers designed on the basis of conserved amino acid and second round PCR was carried out with gene-specific primers designed on the basis of conserved nucleotide sequence. The expected size of dbat gene was 1422 bp, but on the agarose gel, the observed size was more than 1500 bp (Fig. 7) , indicating the presence of an intron (Zhang, Zhou and Yu 2009a,b) . Therefore, the dbat nucleotide sequence from L. theobromae was found to be 1645 bp in size (Genbank accession no. KP136287). The L. theobromae dbat gene sequence was aligned with T. cuspidata (Genbank accession no. AF193765) and Aspergillus candidus strain MD3 (Genbank accession no. EU883596), and it was found that L. theobromae dbat gene contains 1323 bp ORF and 223 bp intron ( Supplementary Fig. S1 , Supporting Information). Additionally, the fungal dbat gene is 98% identical to T. cuspidata and A. candidus dbat gene. Active site of DBAT enzyme HXXXD catalytic residues was conserved in L. theobromae dbat gene ( Supplementary Fig. S2 , Supporting Information).
WRKY1 transcription factor from L. theobromae
WRKY is involved in regulation of secondary metabolites biosynthesis, as well as in defense and disease response (Li et al. 2013) . Though WRKY protein is well studied in Arabidopsis thaliana, it is poorly understood in taxol-producing plant (Li et al. 2013) and L. theobromea. The dbat is key gene in taxol biosynthesis pathway and its transcriptional regulation is poorly understood (Li et al. 2013) . In the present study, open reading frame of WRKY1 transcription factor was cloned from L. theobromae genomic DNA using PCR-based method. Primers were designed from the conserved nucleotide sequence with expected PCR amplicon size of 801 bp on the agarose gel expected size of PCR amplicon was observed (Fig. 8) . The PCR amplicon was subjected to nucleotide sequencing and found to have 801 bp and that aligned with T. wallichiana var. chinensis and T. celebica WRKY1 sequence and showed 98% identity ( Supplementary Fig. S3 , Supporting Information). The characteristic W-box of WRKY transcription factor was conserved in L. theobromae ( Supplementary Fig. S4 , Supporting Information). The WRKY1 ORF sequence of L. theobromae has been submitted to NCBI database with Genbank accession no. KT619127. Taxol biosynthesis pathway in Taxus species has been extensively studied by Rodney Croteau and his group. They have proposed 19 enzymatic steps for biosynthesis of taxol in Taxus species and key enzyme functions have been characterized (Croteau et al. 2006) . However, at the molecular level in endophytic fungi, taxol biosynthesis pathway is poorly understood (Zhang, Zhou and Yu 2009a; Reddy, Kumar and Vasundhara 2016) . Our findings provide a new insight to taxol biosynthesis pathway in endophytic fungi at the molecular level. The report suggests that there is the possibility of horizontal gene transfer (HGT) between endophytes and its host plant (Fitzpatrick et al. 2012) . But, in taxol biosynthesis pathway approximately 19 enzymatic steps are involved in Taxus species plants system, and it is unusual for an organism to transfer 19 genes through HGT (Xiong et al. 2013 ). Yang and his group have also noted that taxol biosynthesis pathway genes have evolved independently in endophytes, and it is unlikely to transfer gene between host and endophytes (Yang et al. 2014) . It is well known that gibberellins biosynthesis pathways steps in plant and fungi are unidentical and explain the existence of pathway independently, not by HGT (Tudzynski 2005) . It is necessary to redefine the concept of HGT for taxol biosynthesis pathway from the host system to endophytic fungi (Xiong et al. 2013) . Our finding also suggests that there is poor chance of HGT between endophytes and host plant in context to taxol biosynthesis pathway.
In conclusion, novelty of this work is in demonstration of the presence of dbat and WRKY transcription factor genes in taxol-producing endophytic fungus L. theobromae SKJM1101 associated to non-Taxus host plant. This study suggests that the dbat and WRKY1 transcription factor genes in L. theobromae might have evolved independently. The amount of taxol produced by L. theobromea is 247 μg L −1 Further, to enhance the taxol production from L. theobromea, strain improvement 
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